A plaque assay method is described for the titration of the infective ribonucleic acid (RNA) of foot-and-mouth disease (FMD) virus. The method depends on the dilution of the RNA in salt solutions of high molarity and the treatment of the BHK 21 cell monolayers used with M-NaCl. The method is reproducible and is a t least as sensitive as other methods of titration. The extraction of RNA in the presence of EDTA gave titres corresponding to 0*1% of the titre of the intact virus. RNA prepared from virus suspensions containing EDTA retained about 50 yo of initial infectivity for 7 days at 4' but for longer periods it was best preserved in 70 % (v/v) ethanol at -20' .
INTRODUCTION
In any detailed study of the structure and multiplication of RNA viruses the methods used for the isolation and titration of the infective RNA are most important. With two exceptions, all the methods described for the titration of the RNA from FMD virus have given titres which varied between 0.1 and 0.001 yo of the corresponding virus titre. In the first descriptions of the extraction of RNA from FMD virus (Brown, Sellers & Stewart, 1958; Mussgay & Strohmaier, 1958; Brown & Stewart, 1959) , values of this order were obtained when the RNA was extracted with cold phenol and titrated by intramuscular or intracerebral inoculation of suckling mice or by observing the cytopathic effect (CPE) of the extract on pig kidney cell monolayers (Brown & Stewart, 1959) . Hantschel(l963) and Hantschel & Veckenstedt (1964) also obtained similar RNA titres by intracerebral inoculation of mice. In 1960 Bachrach described a plaque assay method using calf kidney cell monolayers in which the highest RNA titres were only of the order of O . O O l~o of those obtained with the virus. These values were of a similar order to those obtained for several other animal viruses. There were, however, two reports in which the titre of the RNA from FMD virus was considerably higher than those referred to above. Thomas & Leclerc (1959) claimed a very high titre in guinea pigs (namely, 10% of that of the virus) for RNA extracted from guinea-pig or cattle virus, although they later reported (Thomas & Leclerc, 1960) that the titre was more usually of the order of 0.3%. Thely et al. (1961) claimed that the titre of RNA in cattle was 88% of that for the cattle virus from which it was prepared but it would seem wise to accept this exceptionally high titre with caution, especially as i t would be almost impossible to preclude the presence of traces of ribonuclease in the method of titration used.
In many experiments over a number of years we had been unable to develop a plaque technique for the titration of FMD-virus RNA in pig kidney cells. Following the demonstration by Mowat & Chapman (1962) that BHK 21 cells are susceptible to FMD virus, the suitability of these cells for the assay of RNA was examined. As with pig kidney cells, very few plaques were obtained when the RNA was added in isotonic solution. When the cell sheets were washed with hypertonic solutions before the addition of the RNA (Koch, Koenig & Alexander, 1960) or the RNA was diluted in hypertonic solution (Alexander, Koch, Holland, Hoyer, McLaren & Syverton, 1960) , more plaques were formed. These observations led us to make a more detailed study of the optimal conditions for plaque formation. In the present paper we also include experiments designed to improve the extraction and stability of RNA from FMD virus.
METHODS
Virus strains. Foot-and-mouth disease (FMD) virus strains of immunological types 0 (strain 1) and SAT 1 (strain Turkey 43/62) were used. The strains were maintained by passage in guinea pigs and in BHK 21 cells (Macpherson & Stoker, 1962) . Virus from guinea pigs was collected as epithelium and vesicular fluid from the hind pads 24-48 hr. after infection and stored a t -20' until required. The culture virus was collected as the supernatant fluid from cell monolayers incubated in Eagle's medium.
Extruction of RNA. Virus suspensions a t 4 ' were shaken with an equal volume of phenol which had been equilibrated with one of the following: (a) 0 . 0 1~-or 0.04 M-phosphate (pH 7.6) ; (b) H,O ; (c) 0.04 M-phosphate (pH 7.6) containing M-NaCl; (d) 0.04 a6-phosphate or H,O containing 0.01 yo sodium ethylenediaminetetraacetate (EDTA). The two layers were separated by centrifugation a t 2000 rev./ min. for 2 min. and the aqueous layer extracted a second time with phenol. The phenol was removed from the aqueous layer by two or more extractions with redistilled ether and the dissolved ether removed in a stream of nitrogen. Each RNA extract was adjusted to pH 7-4-7.6 immediately after removal of the ether and, because of the stabilizing effect of M-NaC1 on FMD-virus RNA (Thomas & Leclerc, 1959 ,1960 and in view of our own results, this reagent was usually added.
In some experiments M-NaCl, 0.01 yo EDTA or 0.1 yo sodium dodecyl sulphate (SDS) in 0*04~-phosphate (pH 7-6) or bentonite was added to the virus suspension before phenol extraction.
Titration of V~T Z C S .
Most virus assays were made by the plaque technique in BHK 21 cell monolayers (Mowat & Chapman, 1962) . As an alternative, tenfold dilutions of the virus suspensions were inoculated intracerebrally into groups of suckling mice (Skinner, 1951) and the end points calculated by the method of Reed & Muench (1938) . A few assays were made in guinea pigs by intradermal inoculation of the hind pads and the end points calculated in the same way.
T&hztion ofBNA. Infective RNA was assayed in animals or in cultured cells. For the animal tests tenfold dilutions in phosphate buffered saline (PBS) were inoculated intracerebrally into suckling mice or intradermally into the hind pads of guinea pigs. The RNA was also assayed by observing the cytopathic effect (CPE) produced in monolayers of BHK 21 cells. In these experiments care was taken to wash the sheets of cells free from serum before adding the RNA but it was unnecessary to use hypertonic conditions. All washes were made with phosphate buffered saline (PBS) and the cell sheets incubated in Eagle's medium after the adsorption of the RNA. The monolayers were examined for CPE up to 72-96 hr after infection. The CPE led finally to the monolayers stripping from the glass.
RNA was also assayed by the plaque technique in BHK2l cells by the method developed in this work. It was again essential to wash the cells free from serum. The cell monolayers were therefore washed twice with PBS and then once with M-NaCl in 0*04~-phosphate (pH 7-6). This last solution was left on the monolayers for 5 min. Dilutions of the RNA in 2~-Mgso, in 0.1 M-tris (pH 7.4-7-6) were then added and allowed to adsorb for 20min. at 15-20O. After a final wash with PBS the monolayers were overlaid with agar made up in Eagle medium containing 10% ox serum and incubated at 37O. After 24-48 hr the cell sheets were stained with 1/10,000 neutral red to reveal plaques. A n alternative method which we have found convenient is to fix the monolayers with buffered formalin (4%, w/v, HCHO in PBS) at room temperature and up to 48 hr later remove the agar and stain with methylene blue. The most reproducible results were obtained with monolayers which had been grown for 24-48 hr. Monolayers older than this were less sensitive and were more easily detached from the glass by the repeated washings required in the assay. This detachment was particularly noticeable when polystyrene Petri dishes were used.
RESULTS
Plaque assay for RNA Since cells vary in their susceptibility to injury by hypertonic solutions (Koch et al. 1960; Sprunt, Koenig & Alexander, 1961) , the ability of BHK monolayers to survive such treatment was first examined. The RNA titres following the use of different washing procedures and diluents for the RNA were then compared. The length of time required for pre-treatment of the monolayers was ascertained and the optimal time for RNA adsorption determined. Other factors, including the volume and pH of the inoculum, were also considered, When the best conditions had been found, the method was checked for reproducibility and the dose-response relationship determined. Finally, the assay was compared with other titration methods for RNA.
We found that BHK cells withstood treatment with hypertonic solutions provided that the time of contact was not excessive. Severe damage was caused when the monolayers were exposed to M-NaCl or 2~-MgsO, for longer than 30 min. Since increase4 damage occurred at 37' without any increase in the number of plaques (see Holland d al. 1960), the washing of cell monolayers and adsorption of RNA were always done at 15-20'.
Monolayers were washed 3 times to remove serum before the addition of RNA but the solution used for the third wash was varied. Very few plaques were obtained unless the final wash was made with a strong salt solution or the RNA was diluted in a solution of high molarity (Table 1, Expt. 1). The highest titres and least cell damage were obtained when the final wash was M-NaC1 and the diluent for the RNA contained 2~-Mgso, ( 
Pre-treatment The initiation of infection by the RNA of FMD virus appears to be rapid (see Bachrach, 1960) and there was little increase in the number of plaques formed after the first few minutes of adsorption. As a routine the time allowed for adsorption was 15-20 min. since this allowed several titrations to be made consecutively. It was also advantageous to wash the monolayers with PBS following adsorption of the RNA since failure to do this often led to tearing of the cell sheet.
Throughout these experiments cell monolayers grown in 60 mm. Petri dishes were used. With plates of this size, inocula of 0.1-0.5 ml. could be conveniently spread over the monolayer during the adsorption of RNA. Changes in volume within this range did not appear to have a significant effect on the RNA titre.
The titration of RNA was also unaffected by changes in the range pH 7.0-7-6, irrespective of the diluent used, but least cell damage was caused between pH 7.4 and 7.6. For this reason all the solutions used for washing monolayers and diluting the RNA were buffered within this pH range.
The method finally adopted for regular use was to treat the cells with hypertonic saline followed by the addition of the RNA in 2wMgS0,. The reproducibility of the method and the linearity of response between plaque number and dilution are shown in Fig. 1 , 1964) and for FMD-virus RNA, using calf kidney cells (Bachrach, 1960) . Outside a 16-fold dilution range and plaque counts 160-10, plaque formation was no longer a linear function of the RNA dilution and at very low dilutions inhibition may occur. This may be due to the aggregation of the RNA in the presence of ZM-M~SO,, as suggested by Holland et al. (1960) , or to inhibition by cellular DNA and RNA present in the extract (Franklin, Wecker & Henry, 1959; Holland et al. 1960) . The first possibility is contra-indicated in our system by the fact that RNA diluted in ZM-M~SO, could be held for up to ' 1 hr a t 0' without apparent loss in titre. Inhibition at low dilutions becomes of practical importance only when examining RNA samples of low infectivity (e.g. after prolonged storage) and was much less marked when 2~-sucrose or M-NaCl was used as the diluent. Consequently, it was better to use one of these reagents for the titration of samples with low infectivity. The plaque assay of FMD-virus RNA was compared with other methods of titration ; typical results are presented in Table 2 . The corresponding virus titrations are also given. For the strains used, the titres of RNA, but not always of virus, were equal to or higher than those obtained by in vivo methods. Consequently, it is misleading to express the RNA titre as a fraction of that of the intact virus without referring to the assay system used. 
Extraction procedures for RNA
In these experiments the procedure described by Brown & Stewart (1959) was used as the standard method of RNA preparation with which other modifications were compared (Table 3) . In contrast to Bachrach (1960), we found that the titres of RNA prepared with water-saturated phenol were somewhat lower than those of RNA prepared with buffered phenol, unless EDTA had been added. Since Bachrach (1960) had also reported that it was better to extract the RNA from solutions of low molarity, the effect of ionic strength on the extraction of FMD-virus RNA was then determined. We found that the titres of the RNA were unaltered by saturation of the phenol with 0 . 0 1~-or 0-04M-phosphate or by the addition of M-NaC1 to the virus suspension before phenol treatment. These results, which were similar to those of Koch et al. (1960) with poliovirus RNA, suggested that ionic strength was of little importance during the extraction of FMD-virus RNA. Furthermore, despite the stabilizing effect of M-NaCl, there was no advantage in adding it to the virus suspension before extraction because the same effect could be achieved by the addition of M-NaC1 after phenol treatment. Moreover, when the phenol used for the extraction had been previously equilibrated with M-NaC1, difficulty was experienced in keeping the phenol in solution and in separating the two phases. 
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Consequently, the overall recovery was decreased although the titre of the RNA was unaltered.
Two other ribonuclease inhibitors, bentonite and SDS, were also used. Bentonite (Fraenkel-Conrat, Singer & Tsugita, 1961), used in the preparation of FMD-virus RNA by Thely et al. (1961) , was added to FMD virus suspensions before extraction with phenol saturated with phosphate. In every case the RNA titre was decreased. Unlike Bachrach (1960) we were unable to improve the RNA titres by adding sodium dodecyl sulphate to virus before extraction.
Following the results of Bachrach (1960) and Thely et al. (1961) , the usefulness of EDTA in preparing FMD-virus RNA was examined. By the use of this reagent we were able to improve on Brown & Stewart's (1959) method. We found that, when 0.01 yo EDTA in phosphate buffer (pH 7.6) was added to the virus before extraction, the yield of RNA was often about ten-fold higher than that obtained by the standard procedure. It was equally effective to extract the virus with phenol saturated with 0.01 yo EDTA but increasing the EDTA concentration to 0.1 % in either the virus suspension or the phenol was of no advantage. The phenol supernatant layer after equilibration with EDTA was between pH 4-8 and 5.0 but the RNA titres obtained were no higher when the phenol was also buffered in the usual way. The RNA extracts were in the range pH 7.0-7.4 after ether treatment, in contrast to the values obtained when buffered phenol was used ( > 8-0) .
The technique finally adopted was to add EDTA to the virus suspension to a final concentration of 0-01 % and to extract with phenol saturated with water containing the same concentration of the reagent. Even this method has a t best produced only a ten-fold increase in RNA titre as compared with the standard procedure. This increased titre was presumably due to the stabilizing effect of EDTA on viral RNA first described by Fraenkel-Conrat (1957) Hantschel, 1963) . The experiments described below were designed to find convenient methods for retaining infectivity during laboratory manipulations and prolonged storage. We found that even in the presence of M-NaCI or 0.01 % EDTA, FMD-virus RNA lost 99 % of its infectivity in 24 hr a t laboratory temperatures. It seemed essential to store the RNA at lower temperatures and we investigated its stability at 4" and -20". In some instances ribonuclease inhibitors (bentonite or M-NaCl) were used to minimize the effect of traces of the enzyme which are known to survive the phenol extraction. Storage in the presence of EDTA was also examined. All titrations were made by the plaque method.
At 4" FMD-virus RNA could be stored successfully for several days provided that certain precautions were taken. The infectivity was lost within 3-4 days in the absence of EDTA, bentonite or M-NaCl but when any of these reagents was added the process was somewhat slower, about 20% of the initial activity remaining after 7 days (Fig. 2) . For periods up to 3-4 hr M-NaC1 was useful to add to RNA extracts which did not contain EDTA. The most stable RNA preparations prepared in the presence of EDTA retained about 50% of the original activity after 7 days at 4" and some activity was still detectable after 7 weeks. FMD-virus RNA prepared in the presence of EDTA was also the most stable at -Zoo, but we were rarely able to achieve recoveries greater than 20 % of the initial infectivity after 2 days and 10 % were added before storage. C, the rapid decline of infectivity in RNA preparations which contained neither EDTA nor ribonuclease inhibitors 0.
after 5 days at this temperature, although the residual infectivity did not decline significantly over a further 7 days (Fig. 3) . Addition of M-NaCI to preparations containing EDTA did not increase their stability at 41" or -20". The most effective method for preserving the infectivity was to add 2 vol. of ethanol and store a t -20". With this method all the initial infectivity could be recovered up to 6 weeks later. For the prolonged storage of FMD-virus RNA this appears to be the method of choice, although storage at eo in the presence of EDTA is adequate for shorter periods. 
DISCUSSION
Although the RNA can be extracted from many viruses in almost quantitative yield, most workers agree that the infectivity of the extracts is usually only 0.1 yo or less of the infectivity of the virus suspensions from which they are prepared. Our best FMD-virus RNA titres were of this order, although the virus : RNA ratios are affected by the relative sensitivity of the assay system used for the virus and RNA respectively ( Table 2 ). It appears therefore, either that the infective property of the FMD-virus RNA molecule is very easily damaged or that the infection of the cells is a much less efficient process than with the intact virus. With 32P-labelled FMD virus Brown & Cartwright (1963) found that about 90% of the RNA is extracted from the virus by phenol and examination of this RNA by sucrose-density centrifugation showed it to be homogeneous, suggesting that all the molecules are potentially infective. The low infectivity may therefore be due to inefficiency in the process of infecting the cells. In our experiments with BHK monolayers less than 10 yo of the original activity was detected in the inoculum after 15-20 min.
adsorption. This result might have been due to inactivation and not to adsorption of the RNA. It is difficult to exclude all traces of ribonuclease, and Norman & Veomett (1961) showed that inhibitors of ribonuclease, such as M-NaCI, do not completely inhibit the action of the enzyme a t the cell surface. Holland et al. (1960) and Sprunt et al. (1961) considered that the hypertonic solution used in the assay of poliovirus RNA played an active part in facilitating infection of cells by the RNA and did not act merely as a ribonuclease inhibitor. However, we have found that, although hypertonic conditions are necessary for the regular production of plaques by FMD-virus RNA in BHK cells, high salt concentrations were not essential for the initiation of infection. Cytopathic effects can be produced by the RNA in both BHK and pig kidney cells by using isotonic solutions and the titres given by this method in BHK cells are of the same order as those obtained by plaque assay. Furthermore, in contrast to Thomas & Leclerc (1960), we were unable in these experiments to improve titres of RNA in guinea-pig pads by using M-NaC1 as the diluent instead of phosphate buffered saline. Therefore, the infection of cells by FMD-virus RNA, as opposed to the production of plaques, must be as efficient in isotonic as in hypertonic solutions. These results make the role of hypertonic solutions in the plaque assay of FMD-virus RNA even more difficult to interpret, but it seems probable that the low titres of the RNA were due to its inefficiency as an infecting agent rather than to its inactivation by ribonuclease at the cell surface.
